12 In a living cell, protein function is regulated in several ways, including post-translational 13 modifications (PTMs), protein-protein interaction, or by the global environment, e.g. by 14 crowding or phase separation. While site-specific PTMs act very locally on the protein, spe-15 cific protein interactions typically affect larger (sub-)domains, and global changes affect the 16 whole protein non-specifically. 17 Herein, we directly observe protein regulation with three different degrees of localization, 18 and present the effect on the Hsp90 chaperone system on the level of conformational equi-19 libria, kinetics and protein function. Interestingly, we find by single-molecule FRET that sim-20 ilar functional and conformational steady-state observations are caused by completely dif-21 ferent underlying kinetics. Solving the complete kinetic rate model allows us to disentangle 22 specific and non-specific effects controlling Hsp90's ATPase function, which has remained 23 puzzling up to date. Lastly, we introduce a new mechanistic concept: functional stimulation 24 through conformational confinement. Our results highlight how cellular protein regulation 25 works by fine-tuning the conformational state space of proteins.
genome p53 20 , but also cytoskeletal proteins, e.g. actin, tubulin, and many more 21, 22 . Cancer cells
Figure 2: Mutation, Cochaperone and Crowding show similar effects on the equilibrium. (a) Illustration of the single-molecule FRET experiment using an objective-type TIRF microscope (bottom): cross section through the objective, and flow chamber (both gray) and the dichroic mirror (black) separating the laser excitation (green) from the collected fluorescence (yellow). The zoom view (top) shows the fluorescently labeled Hsp90 (FRET donor, orange; acceptor red), which is immobilized on a PEG-passivated (dark blue) coverslip (light blue) using biotin-neutravidin coupling (black and gray). (b) Example time traces obtained from individual
Hsp90 molecules for the point mutant A577I (top), in the presence of 3.5µM cochaperone Aha1 (center), or under macro-molecular crowding by 20wt% Ficoll400: FRET efficiency E (black), fluorescence of the FRET donor (green), acceptor (red), directly excited acceptor (gray). White and colored overlays denote low-and high-FRET dwells, respectively, as obtained using a hidden Markov model and the Viterbi algorithm. (c) FRET histograms compiled from many singlemolecule trajectories as indicated, and normalized to unity (wt: wild type). Reference data (black) was measured under the specific conditions of each of the three experiment series (see Methods). The number of individual molecules included per histogram are: A577I, 181; wt, 163; +Aha1, 122; 231; +crowding, 50; 81. leads to a further shift towards closed conformations. The slight but consistent shift of the corretwo populations. Both, sterical hindrance and faster transitions, can be interpreted as a global stiffwhich is in line with previous qualitative reports 41,42 . Lastly, macro-molecular crowding increased 113 the closed population from 14% to 52%, in agreement with previous ensemble findings 43 . In con-114 trast, to the A577I mutant, crowding slowed down fast fluctuation at the resolution limit, which cre-115 ates well-separated populations in Fig. 2c ). The induced shift towards closed conformations ap-116 pears in a concentration-dependent manner, as can be seen in SFig. 2. In contrast to polymeric, and a biochemical glucose-associated reason can be dismissed.
121
In all three cases, a clear shift towards closed conformations is observed, although to slightly dif-122 ferent extents. Importantly, based on these distributions alone, the energetic origin of the popula- 
163
Based on the complete kinetic rate models, we can now deduce the impact on free energies along 164 a specific spatial reaction coordinate, here the N-terminal extension (Figure 4) . The point mutation fines Hsp90 in a more compact conformation, has a high potential to increase the combined prob- In Hsp90 the hydrolysis-competent state consists of multiple flexible elements (illustrated as tetrahedrons) with many degrees of freedom (double-headed arrows), which all have to adopt a specific 3D configuration. The probability !"#$%&%$ for all elements with % to be in this specific configuration is tiny (center), compared to the combined probability for all other accessible configurations (left). Any specific or non-specific confinement (right) decreases the degrees of freedom of the individual elements, thus leading to a relative stabilization of the hydrolysiscompetent state. (For clarity, arrows indicating degrees of freedom were omitted on the right.) spread implications for protein function in diverse systems.
